Introduction {#s1}
============

The sexual systems of plant species play a significant role in the evolution of angiosperm diversity ([@B12]; [@B52]; [@B36]; [@B61]; [@B60]), variations in reproductive strategies ([@B8]), and population and community dynamics in response to climate changes ([@B57]; [@B76]). Understanding the spatial distribution of plant sexual systems at large scales is vital for understanding the functional biogeography of reproductive traits. Previous studies have shown that the geographical distributions of angiosperm sexual systems may ultimately reflect coevolution with vegetative traits that are tied closely to sexual systems (i.e. growth form, [@B72]; [@B48]; [@B77]). Nonetheless, the determinants of geographical patterns of sexual systems remain controversial.

The evolution of plant sexual systems has been widely hypothesized to be closely linked to the evolution of plant growth forms (e.g. woody vs. herbaceous growth forms, [@B7]; [@B58]; [@B72]; [@B71]; [@B47]; [@B68]). Generally, dioecy is significantly more frequent in woody flowering plant species with long lifespan than in other growth forms ([@B58]; [@B63]; [@B72]; [@B78]). In contrast, hermaphroditism is more common in herbaceous species with short lifespan ([@B64]; [@B48]). This is likely because obligately outcrossing dioecious species need a long lifespan to find mates, reproduce and complete their life cycle ([@B51]; [@B1]). In contrast, hermaphrodites, being able to self-pollinate, are likely to accumulate more genetic load and suffer from an increased turnover rate ([@B40]; [@B14]). Moreover, growth form may affect relationships between traits and the environment ([@B27]). For example, based on more than 88,400 species and six plant traits, [@B65] have found significant differences in trait-climate correlations between woody and herbaceous species. However, the biogeographical distributions of sexual systems of different growth forms across large-scale environmental gradients remain poorly understood.

Plant sexual systems and sexual reproduction are sensitive to climate variations ([@B33]; [@B22]). Recent studies indicate that reductions in precipitation can change the allocation of resources to male and female functions within individual plants ([@B35]), which further influences the expression and composition of plant sexual system in local floras. For example, dioecy is more common in humid areas, especially in rainforest trees ([@B44]; [@B62]; [@B29]; [@B73]), although aridity has been shown to have contributed to the evolutionary transition from hermaphroditism to dioecy ([@B4]). Climate warming can also affect the composition of sexual systems in local floras by causing a mismatch between the timing of flowering and pollinator abundance/presence, which may lead to declines of plants populations ([@B24]). Moreover, different growth forms have contrasting climate preferences. Warm and humid climates are more suitable for woody plants ([@B75]), while herbaceous plants often have broader climate adaptations and hence have widespread distributions ([@B19]). Therefore, the influences of climate on sexual system compositions may differ between woody and herbaceous species. However, the role of climate in driving spatial variations in sexual system compositions of woody and herbaceous species remains poorly understood ([@B30]).

Evolutionary history might be expected to influence the distribution of sexual systems ([@B53]; [@B5]; [@B36]). Self-pollinated populations likely accumulate harmful mutants, which may increase their extinction rate ([@B24]). Therefore, self-pollinated species may be more common in temperate environments with more short-lived species and younger flora than in tropical environments. In contrast, dioecy (obligate outcrossing) can reduce the expression of recessive deleterious mutations, which tends to reduce their extinction rate ([@B53]). Therefore, dioecy may be more frequent in regions with older floras. These findings suggest that the composition of sexual systems within communities is likely associated with the evolutionary ages of species in a region. Additionally, woody and herbaceous species differ significantly in their evolutionary rates ([@B43]; [@B38]). Woody species have longer reproductive cycles and lifespans, and tend to accumulate genetic changes more slowly than herbaceous species. Differences in evolutionary rates may lead to differences in the speed of climate-niche evolution between these two growth forms. For example, using more than 5,000 plant species, [@B66] found that woody plants adapted to new climates at a rate two to ten times slower than herbs over the course of their evolution. Therefore, exploring the differences between the effects of evolutionary time on frequencies of sexual systems of woody and herbaceous species would improve our understanding of the evolutionary mechanisms underlying large-scale patterns in sexual system composition.

Here, using data on sexual systems and spatial distributions of 19,780 angiosperm species across China, we compare the geographical patterns in plant sexual system compositions between woody and herbaceous species, and explore the ecological and evolutionary determinants of these patterns. Specifically, we test the following hypotheses: (1) the geographical patterns in sexual system composition differ between woody and herbaceous species; (2) the relative contributions of different drivers (specifically climate, evolutionary age, and mature plant height) to these patterns differ between woody and herbaceous species. Dioecious species are more common in humid areas and in floras with older and more woody species, whereas hermaphroditic species are more common in temperate arid areas of northwestern China and in floras with younger and more herbaceous species.

Materials and Methods {#s2}
=====================

Sexual System {#s2_1}
-------------

We compiled a database on the sexual systems of angiosperms in China using published sources: *Flora of China* ([@B79]), *Flora Republicae Popularis Sinicae* (126 issues of 80 volumes), *Seeds of Woody Plants in China* ([@B13]), and efloras (<http://efloras.org/>). The Tree of Sex ([@B3]), TYR Plant Trait Database ([www.try-db.org](www.try-db.org); [@B37]), Botanical Information and Ecology Network (BIEN, [@B23], <http://bien.nceas.ucsb.edu/bien/biendata/bien-3/>) and journal publications ([@B61]; [@B31]) were used to check and supplement the sexual system information in the database. For species with information of sexual systems from multiple sources, conflicting records were checked and removed. In total, we compiled data of sexual systems for 19,780 species from 2,506 genera and 262 families in China ([**Table 1A**](#T1){ref-type="table"}).

###### 

The correlations between the geographical patterns in proportions of sexual systems among different growth forms.

  Sexual System     All-Wood          All-Herb          Wood-Herb
  ----------------- ----------------- ----------------- ---------------
  Hermaphroditism   **0.535\*\*\***   **0.702\*\***     **0.304\***
  Dioecy            0.172ns           **0.636\***       −0.068ns
  Monoecy           **0.593\***       **0.888\*\*\***   **0.382\*\***

All, all species; Wood, woody species; Herb, herbaceous species. The significance was estimated using the Dutilleul's modified t test, which accounts for the inflation of significance due to spatial autocorrelation (Package "SpatialPack"; [@B21]).

Significance codes: \*\*\*P \< 0.001, \*\*P \< 0.01, \*P \< 0.05, '.' P \< 0.1. The text is bolded when the correlation is significant.

We classified all species into three categories according to their sexual systems following [@B10]: dioecy (separate male and female individuals), monoecy (having pistils and stamens on separate flowers of the same plant), and hermaphrodites (having both male and female sex organs on the same flower). The category of dioecy includes the *androdioecious*, *gynodioecious*, and *polygamodioecious* species, while monoecy includes the *monoecious*, *andromonoecious*, and *gynomonoecious* species. Considering that a few species vary intraspecifically in their sexual systems (e.g., [@B20]) in response to local abiotic or biotic conditions (e.g., climate variables or pollinator densities; [@B6]), we excluded such species from the final dataset used in this study.

Species Distribution Data {#s2_2}
-------------------------

Data on the distributions of plant species were compiled from all national, provincial and local floras, including *Flora of China* (both Chinese and English versions), *Higher Plants of China*, *The Atlas of Woody Plants in China* ([@B26]; see [@B74] for more information), etc. From these resources, we compiled only species distribution records at county-level or finer scales. Species distributions were further supplemented with data from National Specimen Information Infrastructure (NSII, <http://www.nsii.org.cn/>), and screened. NSII included over fifteen million specimen records that are published recently. In total, our dataset consists the distributions of 19,780 Chinese plant species with data for sexual systems.

Species distributions were rasterized to a grid with a spatial resolution of 100 × 100 km to eliminate the potential bias of area on subsequent analyses. We removed the grid cells with less than 50% of their area along the country borders and coastal areas. In all, 949 grid cells were included in the analyses reported below.

Growth Form {#s2_3}
-----------

Data on the growth forms of all angiosperm species in China were compiled from the *Flora of China* ([@B79]) and *Flora Reipublicae Popularis Bulgaricae* ([@B41]). All species were categorized into two growth forms: "woody" and "herbaceous". Woody species included trees, shrubs and woody lianas, whereas "herbaceous" species included those recorded as herbs, herbaceous lianas, and subshrubs. Species with information on both sexual systems and geographical distributions included 10,200 woody species, 9,479 herbaceous species, and 101 undefined.

Climate Data {#s2_4}
------------

Climate can influence flower morphology through its influences on reproductive performance (e.g., pollen production) during the flowering period ([@B81]), and hence could influence sexual systems of plants. Moreover, the reproductive (gametophytic) phase in flowering plants is often highly sensitive to temperature or water stresses. Thus we selected four variables to evaluate the influences of climate, namely, mean temperature of coldest quarter (MTCQ), mean precipitation of warmest quarter (MPWQ), actual evapotranspiration (AET), and aridity index (AI). AET reflects the influences of both water availability and environmental energy, and is significantly associated with ecosystem primary productivity. AET was calculated using the Thornthwaite equation ([@B70]) from the average monthly temperature and precipitation that were obtained from the WorldClim database ([@B34]). AI reflects the level of aridity and was calculated as the ratio of mean annual precipitation to annual potential evapotranspiration. Higher AI values represent lower aridity. The average and the full range of values for each climatic variable within each grid cell were estimated with the zonal statistics tool in ArcGIS 10.0.

Genus Age {#s2_5}
---------

To evaluate the effect of evolutionary time (i.e., genus age) on biogeographical patterns in sexual system compositions, we used the average genus age derived from three phylogenies including [@B80], [@B45], and [@B67]. This is because (1) different dating methods may lead to different estimations of genus ages; and (2) incomplete phylogenies tend to overestimate the ages of some genera when their close relatives are missed from the phylogenies, and none of these phylogenies is complete at the genus level. For comparison, we also repeated all analyses using the genus ages of each phylogeny separately. It is noteworthy that the geographical patterns in mean genus age per grid cell estimated using the genus ages derived from each phylogeny were consistent with each other ([**Figure 1A**](#f1){ref-type="fig"}). Moreover, all major findings based on these four age estimations were also highly consistent. Therefore, we included the results based on the average genus ages across the three phylogenies in the main text, and those based on the genus ages derived from each phylogeny in the supplementary materials for comparison.

![Spatial patterns in proportions of angiosperm species with different sexual systems at 100 × 100 km scale. From top down, the three rows represent the proportions of species with dioecy, monoecy, and hermaphroditism respectively. From left to right, the three columns represent all species, woody species and herbaceous species respectively. Grid cells without data are shown in white. The patterns in the proportions of sexual systems for woody species were updated from [@B77].](fpls-11-01222-g001){#f1}

Mature Plant Height {#s2_6}
-------------------

Plant mature height and longevity of plant species are expected to be positively associated ([@B46]; [@B49]; [@B50]). Here we used mature height as a proxy for longevity to test the association between sexual system and longevity. Mature height of plant species was obtained from *Flora of China* (<http://frps.eflora.cn/>, accessed in November 2013; <http://www.efloras.org/flora_page.aspx?flora_id=2>, accessed in February 2014). As lower and upper limits of mature height are normally reported for most species in floras, we used the average of lower and upper limits to represent the mature height of species. Species without erect stems (e.g., woody lianas, scandent shrubs, climbers or epiphytes) were excluded from our analyses following [@B50]. For each growth-form, we averaged the mature height across species within each grid cell to evaluate the effect of plant height on the biogeographical patterns of sexual system compositions (proportions of the three sexual systems per grid cell).

Statistical Analyses {#s3}
====================

First, based on the data of sexual systems, growth forms, and distributions of all species, we calculated the proportions of species with different sexual systems within each grid cell for all species together and for each growth form separately. We used Pearson correlation coefficients to evaluate the similarity between the geographical patterns in the proportions of different sexual systems of woody and herbaceous species (e.g. woody dioecy vs. herbaceous dioecy, woody monoecy vs. herbaceous monoecy, woody hermaphroditism vs. herbaceous hermaphroditism) and used Dutilleul's t test to evaluate the significance of these correlations due the influences of spatial autocorrelation on significance tests (using R package of "SpatialPack"; [@B21]).

We used generalized linear models (GLMs) with quasi-Poisson residuals to evaluate the explanatory power of each predictor on the proportions of sexual systems per grid cell and this was conducted separately for each of the three species groups (i.e. overall, woody, and herbaceous). The climate variable (i.e., MTCQ, MPWQ, AET, and AI), genus age, and plant height were used as predictors and the proportions of each sexual systems per grid cell were used as response variables. The explanatory power of each variable was estimated as the adjusted R^2^~adj~ (%) of the GLM model. Modified t tests were used to correct for the effect of spatial autocorrelation on *p* values ([@B16]).

To evaluate the influences of growth forms on the relationships between the proportion of sexual systems and different predictors, we first built spatial linear models (SLM) for the combined dataset of sexual system for both growth forms together using spatial simultaneous autoregressive error (SAR) models. SLMs could account for the effects of residual spatial autocorrelation on the significance tests of regression slopes ([@B39]). The climate variables (i.e., AET, AI, MTCQ, and MPWQ), genus age, plant height, growth form (i.e., woody vs. herbaceous), and interaction terms between growth form and other predictors were included as the explanatory variables. All the predictors were standardized before fitting the models. Similarly, we also conducted SLMs for each growth form separately. Moran's I was estimated for the residuals of SLMs, and indicated no spatial autocorrelations.

All analyses were performed in R 3.4.3 ([@B17]).

Results {#s4}
=======

Patterns in the Proportions of Sexual Systems for Different Growth Forms {#s4_1}
------------------------------------------------------------------------

The spatial patterns in the proportions of hermaphroditic and monoecious species per grid cell were consistent between woody and herbaceous growth forms (r = 0.304 and p \< 0.05 for proportion of hermaphroditic species; 0.382 and p \< 0.05 for proportion of monoecious species; [**Table 1**](#T1){ref-type="table"}). For all species and both growth forms, the proportion of hermaphroditic species per grid cell was higher in northwest China than in other regions, while the proportion of monoecious species was higher in eastern China ([**Figure 1**](#f1){ref-type="fig"}). In contrast, spatial patterns in the proportion of dioecious species were not significantly correlated between woody and herbaceous growth forms (*P* \> 0.05; [**Table 1**](#T1){ref-type="table"}). The woody dioecious species were the most frequent in northeast China and medium in southern China, while herbaceous dioecious species were the most frequent in southwest China ([**Figure 1**](#f1){ref-type="fig"}). Growth form was the strongest predictor for the proportions of all three sexual systems, and the effects of growth form on the proportions of sexual systems were higher than the other predictors by one order of magnitude ([**Tables 2**](#T2){ref-type="table"}, [**3**](#T3){ref-type="table"}, and [**A2**](#SM1){ref-type="supplementary-material"}; [**Figure 2**](#f2){ref-type="fig"}).

###### 

The slopes of growth forms (woody vs. herbaceous), climate, genus age, plant height, and their interaction on proportions of sexual systems (i.e. dioecy, monoecy, and hermaphroditism) evaluated using spatial linear models (SLMs) with simultaneous autoregressive errors (SAR).

  Variables             Dioecy        Monoecy        Hermaphroditism
  --------------------- ------------- -------------- -----------------
  Growth Form           **0.169**     **−0.180**     −0.0192
  Height                −0.0403       **0.112**      −0.0473
  AET                   **0.0101**    **0.00622**    −0.00657
  AI                    **0.00673**   0.00100        −0.00174
  MTCQ                  **0.00937**   **−0.00933**   −0.000256
  MPWQ                  **−0.0135**   −0.0000633     0.000311
  Genus Age             0.00334       −0.00214       0.000283
  Growth Form: AET      −0.0000394    −0.00167       0.000299
  Growth Form: AI       −**0.0142**   −**0.0103**    **0.0244**
  Growth Form: MTCQ     −**0.0333**   **0.0145**     **0.0205**
  Growth Form: MPWQ     **0.0282**    **0.0195**     −**0.0475**
  Growth Form: age      **0.0585**    **0.0266**     −**0.0831**
  Growth Form: height   **0.0507**    −**0.113**     0.0423
  R^2^                  0.922         0.723          0.829

All continuous predictors were standardized prior analysis. The regression coefficients (slopes) with p \< 0.05 is shown in bold. AET, actual evapotranspiration; AI, aridity index; MPWQ, mean precipitation of warmest quarter; MTCQ, mean temperature of coldest quarter; Age, evolutionary age. The genus age was calculated using the average genus age extracted from all three phylogenies including [@B80], [@B45], [@B67].

###### 

The slopes and significance of different predictors on proportions of sexual systems evaluated using spatial linear models (SLMs) with simultaneous autoregressive errors (SAR).

  Variable   All            Herb          Wood                                                                                          
  ---------- -------------- ------------- -------------- --------------- --------------- --------------- --------------- -------------- --------------
  AET        **−0.0173**    **0.0120**    **0.00866**    **−0.00707**    **0.00258**     **0.00446**     **−0.0183**     **0.0137**     0.00442
  AI         **−0.00219**   **0.00740**   **−0.00410**   **−0.00250**    **0.00206**     0.000435        **0.0126**      **−**0.00434   **−0.00840**
  MTCQ       **0.00738**    0.00455       **−0.0112**    **−**0.000611   **0.00260**     **−**0.00193    **0.0187**      **−0.0249**    **0.00619**
  MPWQ       0.00130        **−0.0154**   0.00807        0.00138         **−**0.000430   **−**0.000962   **−0.0279**     0.00875        **0.0195**
  Age        **−0.00518**   **0.00994**   **−0.00585**   0.000157        **0.00428**     **−0.00444**    **−0.0378**     **0.0270**     **0.0108**
  Height     **−0.0228**    **0.0221**    **0.00500**    **−0.00429**    **−0.00174**    **0.00598**     **−−0.00588**   **0.00885**    **-0.00301**
  R^2^       0.831          0.906         0.206          0.320           0.474           0.217           0.770           0.582          0.499

The regression coefficients (slopes) with p \< 0.05 is shown in bold. Here genus age was average genus of the three phylogenies including [@B80], [@B45], and [@B67].

![Proportions of species with different sexual systems among different growth forms in China. D, Dioecy; M, monoecy; H, hermaphroditism.](fpls-11-01222-g002){#f2}

Effects of Climate on Distributions of Proportions of Sexual Systems {#s4_2}
--------------------------------------------------------------------

The proportions of all three sexual systems were relatively weakly related to climate for herbaceous species than for both all species and woody species ([**Table 3**](#T3){ref-type="table"}). The growth form--climate interaction terms were significant in almost all cases ([**Table 2**](#T2){ref-type="table"}). This indicates that the relationship between proportions of sexual systems and particular climate variables differed significantly between woody and herbaceous assemblages.

The effects of climate on proportions of sexual systems were significantly greater for woody species than for herbaceous species. For woody species, the proportion of hermaphroditism decreased with AET and MPWQ but increased with AI and MTCQ, while the proportion of dioecious showed almost opposite trends ([**Table 3**](#T3){ref-type="table"}). For herbaceous species, all three sexual systems were weakly correlated with climate (R^2^ ranged from 0.217 to 0.474 in [**Table 3**](#T3){ref-type="table"}).

Effects of Genus Age on Geographical Distributions of Sexual Systems {#s4_3}
--------------------------------------------------------------------

Genus age was consistently a significant predictor of sexual system frequencies for woody species, but had only weak effect on herbaceous species. For woody species, the proportion of hermaphroditic was negatively correlated with genus age, while the proportion of dioecious species and monoecious species were positively correlated with genus age (all P \< 0.05, [**Table 3**](#T3){ref-type="table"}). The explanatory power of genus age was much stronger on the proportions of dioecious and hermaphroditic species than on monoecious species ([**Table 3**](#T3){ref-type="table"}).

Effects of Mature Plant Height on the Geographical Frequency of Sexual Systems {#s4_4}
------------------------------------------------------------------------------

Mature plant height per grid cell was a significant predictor for geographical patterns in the proportions of almost all sexual systems examined here ([**Tables 2**](#T2){ref-type="table"} and [**3**](#T3){ref-type="table"}), but its effect was much stronger for woody species than for herbaceous species ([**Tables 3**](#T3){ref-type="table"} and [**A2**](#SM1){ref-type="supplementary-material"}). For both growth forms, the proportion of hermaphroditic species decreased. For woody species, the proportion of dioecious species increased but the monoecious decreased with plant height per grid cell, whereas herbaceous species showed opposite trend ([**Table 3**](#T3){ref-type="table"}).

Discussion {#s5}
==========

Because different sexual systems are associated with variation of plant growth form, there are large-differences in the distributions of plant sexual systems between contrasting woody and herbaceous species. Compared with [@B77], we advanced our understanding of the spatial distribution of plant sexual systems and the determinants underlying these patterns, especially between growth forms. Growth form significantly differed the relationships between geographic patterns in the proportions of all three sexual systems with different biotic and abiotic factors. Climate, evolutionary age, and mature plant height were all significantly correlates of the distributions of sexual systems of woody species than herbaceous ones. These results are partially consistent with the existing evidence that species diversity of woody plants is more closely related with family age and climate than that of herbaceous plants ([@B54]; [@B32]).

Effect of Plant Height on Proportions of Sexual Systems {#s5_1}
-------------------------------------------------------

Plant height was a significant predictor of the proportions of the three sexual systems in almost all cases, which partly confirmed previous hypotheses about the coevolution between sexual systems and growth forms ([@B58]; [@B72]). Both plant height and sexual systems could reflect the adaptation and evolutionary trend of plant life-history strategies to a certain extent, and they also tend to coevolve ([@B59]; [@B77]). Owing to limited mating opportunities, selection has tended to favor dioecy in long-lived woody species which are tall ([@B58]; [@B53]). Taller species with height dimorphism and greater dispersal investment may also benefit dioecious species (e.g. *Salicaceae*) by improving the efficiency in pollen and seed dispersal, which further promote the maintenance and continuation of species populations ([@B55]; [@B69]). In contrast, hermaphroditism tends to be associated with short-lifespan species with low height because hermaphroditic species can self-pollinate and thus tend to accumulate much more deleterious mutations ([@B24]), and which may have higher mortality and extinction risks ([@B53]; [@B15]).

The explanatory power of plant height on the frequency of sexual systems was stronger for woody than for herbaceous species. This may be likely because woody and herbaceous plant species have different adaptive strategies in resource allocation between reproductive and vegetative tissues ([@B2]; [@B9]). Woody species may have more resources for the investment to sexual systems and reproduction ([@B56]), while herbaceous species (e.g. the annual *Mercurialis annua*) tend to exhibit short life-cycles, fast rates of population but limited resource accumulation ([@B42]).

The Effects of Climate on the Proportions of Sexual Systems {#s5_2}
-----------------------------------------------------------

The proportion of hermaphroditic species for all species combined was high in areas with high AI or MTCQ, consistent with [@B77]. The proportion of dioecious species among all species combined (e.g. *Anaphalis*) was higher in southern China than in other regions. This finding supports the hypothesis that dioecy is more common in tropical and subtropical floras where climate is warm and humid ([@B28]; [@B8]; [@B7]; [@B63]; [@B73]). In contrast, the proportion of woody dioecious species (e.g. *Rhamnus* and *Acer*) is higher in Northeast China with relatively higher AET and MPWQ compared to other regions in China. These results reveal that the differences in requirements for hydrothermal conditions between woody and herbaceous growth forms may influence their geographical patterns in proportions of sexual systems, consistent with our hypothesis. Generally, woody species often have deep roots, and herbaceous species have relatively shallow roots. Therefore, herbaceous species have lower efficiencies in soil water usage and are more sensitive to reduced water supply compared with woody species ([@B25]). Correspondingly, the interaction terms between climate and growth form in the spatial linear models explaining the frequencies of different sexual systems were significant in most cases. The differences in the effects of climate on proportions of sexual systems between woody and herbaceous growth forms may be partly due to the coevolution of sexual systems with growth forms ([@B58]; [@B72]; [@B11]). Moreover, our results further corroborate previous findings that climate may have influenced the spatial pattern of sexual systems *via* its effect on the composition of plant growth forms ([@B77]).

We also found that the sexual system composition of woody species was more closely associated with contemporary climate than that of herbaceous species, which is consistent with previous studies at broad scales ([@B54]; [@B74]). Compared with herbaceous species that can be protected from frost by being annual/biennial or by the production of underground buds, woody plant species typically with longer life cycles and large sizes expose their stems and buds (with reproductive organs) in climate. Thus climate has been found to have significant influences on the spatial pattern of woody species ([@B18]) compared with herbaceous species. These results suggest that the differences in the effects of climate on geographical patterns in proportions of sexual systems for woody and herbaceous species may also be associated with the differences in ecophysiological strategies related to resource acquisition and utilization between growth forms.

Effect of Evolutionary Time on Proportions of Sexual Systems {#s5_3}
------------------------------------------------------------

For both woody and all species, the proportion of dioecious species was positively correlated with mean genus age per grid cell, which support our hypothesis that dioecy tends to be maintained in regions with older floras. Similarly, the proportion of woody monoecious species was also positively correlated with mean genus age. These results partly support and expand the hypothesis that dioecy and monoecy are often found to be significantly associated with each other across phylogenies of woody angiosperms ([@B58]). In contrast, the proportions of sexual systems for herbaceous species were weakly correlated with mean genus age (e.g. *Apiaceae*, *Asteraceae*, *Cyperaceae*), which might be due to the higher population turnover rate and faster adaptation to climate of herbaceous species than those of woody species (e.g. *Acer* and *Salicaceae*, [@B53]; [@B66]). Moreover, the effect of genus age on the proportions of woody sexual systems was much stronger than on those of herbaceous species. The differences in the effect of evolutionary age on proportions of sexual systems between woody and herbaceous growth forms might reflect their differences in evolutionary rates (i.e. speciation and extinction rates). Molecular studies have revealed that compared with herbaceous species, woody species such as trees tend to have longer generation times and lower evolutionary rate ([@B66]), and thus may have lower chances to transit between sexual systems in response to environmental changes.

Conclusions {#s6}
===========

Here we mapped the geographical distributions of the frequencies of sexual systems and compared the effects of abiotic and biotic factors on sexual system frequencies for both woody and herbaceous flowering plant species in China. The results suggest that woody and herbaceous species differed significantly in their patterns in the frequencies of sexual systems, and also in the determinants underlying these patterns. The proportions of sexual systems of woody species were more strongly influenced by climate, evolutionary age, and mature height, whereas those of herbaceous species were less influenced by these factors. These findings shed light on previous hypotheses about the association between sexual systems and growth forms, and further demonstrate the necessity to differentiate woody and herbaceous growth forms when investigating the evolution and ecology of sexual systems. It is noteworthy that sexual systems may also vary intraspecifically across populations of a single species (e.g. *Mercurialis annua*, [@B20]). Exploring the intraspecific sexual system variations for species with different growth forms along environmental gradients would further improve our understanding on the drivers of sexual system variations. Our study also suggests that compared with both dioecious and hermaphroditic species, more attention should be paid to monoecious species from both evolutionary and ecological perspectives. This study improves our understanding of the mechanisms underlying geographical patterns of reproductive trait diversity across different growth forms and their responses to climate.
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